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Abstract—This work presents a Model Predictive Control
(MPC) strategy for a Voltage Source Inverter (VSI) used in
a three-phase Uninterruptible Power Supply (UPS) for critical
loads. An MPC using continuous variables is proposed for solving
this problem and the output of the controller is used as the refer-
ence voltage to be generated by a PWM modulator. The solution
of this unconstrained MPC gives rise to an explicit solution that
can be computed beforehand, allowing the prediction horizon
to be easily extended. Therefore, the effect of the length of the
prediction horizon over the system performance is also evaluated
in the paper. This study addresses how this parameter should be
chosen to minimize the error between the actual and the desired
output voltage. The proposed control strategy has been tested
on a simulated model of a UPS supplying a three-phase resistor
load. This model has been developed using MATLAB/Simulink
with PSIM software. The simulation results show that proposed
continuous MPC controller achieves high performance and high
degree of robustness.
I. INTRODUCTION
Several industrial and critical applications include loads that
need constant power supply to ensure the correct working of
the system, [1]. These critical loads are usually supported by
Uninterruptible Power Supplies (UPSs), [2], where a Voltage
Source Inverter (VSI) provides a high quality output sinusoidal
voltage to the loads. To produce the output voltage without
high order harmonic components the loads are connected to
the VSI through an LC filter that removes these components.
As a counterpart, this filter increases the complexity of the
system controller design. Several control strategies have been
developed to generate the output voltage of the VSI, including
PI, resonant, repetitive, deadbeat and predictive controllers [3]-
[13].
Model Predictive Control (MPC) is a well-known control
strategy that has been used in several fields of engineering.
Although MPC was born in the framework of industrial
process control, nowadays it is been applied to a wide variety
of fields such as energy, bioengineering, robotics or aerospace.
MPC presents several advantages over other methods, [14].
The MPC paradigm is based on selecting the best amongst
all feasible input sequences over a future horizon according to
some criterion. The first input of this sequence is applied to the
plant and the scheme repeated in a receding horizon fashion at
every sampling time, when new state information is available.
MPC is possibly the most general way of posing the optimal
control problem in the time domain. MPC designates an ample
range of control methods which make explicit use of a model
of the system to obtain the control signal by minimizing an
objective function. MPC presents several features that makes it
suitable for the control of power converters. Apart from being
intuitive and easy to understand, constraints, nonlinearities
and the multivariable case can easily be included in the
formulation. Since an open-loop optimal problem is solved at
each sampling instant, the computational cost is high compared
to a classic control scheme. This point is of crucial important
in the case of power converters, therefore different varieties
of MPC have been proposed in literature to cope with this
problem [15].
One way of reducing the computational effort needed to
solve the optimal problem on-line is to take advantage of
the inherent discrete nature of power converters, which have
a finite number of switching states. This gives rise to the
approach known as Finite Control Set MPC (FS-MPC) [16],
where the possible control actions (switching states) are finite.
This method reduces the MPC optimization problem to the
prediction of the system behaviour only for those possible
switching states. This approach is also known as finite alphabet
MPC and it has been successfully applied to a wide range of
power converters [17] [18].
This extended approach for implementing MPC for power
converters is currently limited to short horizons (usually 1 or 2)
due to the fact that the solution is obtained evaluating a cost
function that typically measures the absolute error between
the predictions and the reference. The evaluation of the cost
function with the finite number of control actions (n) will lead
to n different costs. The method, therefore, uses the control
action leading the minimum cost to control the converter.
In the case of a three-phase UPS inverter, the voltage
(control action) can take 7 different values at each sampling
instant (n = 7), and therefore the prediction of the system
output along the horizon must be done considering that this
voltage can change along the future, giving rise to multiple
possibilities that can generate a combinatorial explosion if the
horizon is too long. This problem is clearly depicted in [16].
Instead of evaluating the objective function for all possible
values of the voltage along the control horizon, another
possibility of tackling the issue is by formulating the MPC
as a hybrid problem. In this way, the problem to be solved
combines continuous variables (output voltages and currents)
with discrete variables (those that take only discrete values,
such as switches). Hybrid MPC is difficult to implement for
fast systems, since Mixed Integer Programming (MIP) must be
used [19]. There are several applications of Hybrid MPC to
electronic converters, as in the case of DC/DC boost converters
[20] but there are only few applications of Hybrid MPC to
inverters, [21]. In this case, the number of decision variables
is higher and other approach is needed.
An interesting solution method is multi-parametric program-
ming, which solves the MPC problem off-line for every system
state in a bounded set and thus only requires a look up
operation at runtime [22], [23]. However, the obtained explicit
solution may be excessively complex for medium to large scale
systems, in which case approximate explicit solutions can be
computed. An application of this technique to a PWM Inverter
With an LCL Filter is presented in [24]. The authors propose
piecewise affine models that account for the switched behavior
of the converter. Based on these improved models, an explicit
MPC scheme is derived in order to provide a fast response,
making it very suitable for applications, such as active filtering,
where a large bandwidth is required.
When the explicit solution is not appropriate, on-line opti-
mization methods can be used, the two main proponents being
Interior Point and Active Set methods. Dedicated implementa-
tions of these methods for MPC exist, for instance, [25] reports
a fast implementation of an interior point method where a
significant speed-up is gained by exploiting the structure of
the involved matrices as well as by early stopping and warm-
starting from a solution obtained at the previous time-step.
The paper [26] presents a practical implementation of the
fast gradient method for the control of an AC-DC power
converter, with computation times as small as a few tens of s
making the approach ideal for power electronics applications.
Unlike explicit MPC, the exact constrained finite horizon
control problem can be solved taking into account the time
varying nature of the input constraints. An application of real-
time optimization for boost converters can be found in [27].
This method applies results of recently developed hybrid op-
timal model predictive control to determine switching through
real-time minimization of a user-defined performance index.
Similar results for a Cuk converter is shown in [28].
In spite of these promising results, the on-line solution of
the hybrid optimization problem is still an open issue. The
reduction of the computational effort is the biggest challenge,
especially for long horizons. However, the problem can be
tackled from another point of view, which can lead to a
simpler solution, as shown in this paper. The method proposed
here provides an explicit solution of the unconstrained MPC
strategy, whose complexity (an therefore computing time) is
almost independent of the prediction horizon. Notice that
most of the computation of this explicit solution can be done
beforehand and the computational cost of the control law is
small, as will be shown in section III.
Load
Fig. 1. Three-phase inverter with LC filter.
TABLE I
SYSTEM VARIABLES AND PARAMETERS
Variable Description
vC;abc = fvaO vbO vcOgT Output filter capacitor voltage vector
iL;abc = fiLa iLb iLcgT Output filter inductor current vector
vI;abc = fvrO vsO vtOgT VSI output voltage vector
iO;abc = fiOa iOb iOcgT Output load current vector
Sabc = fSa Sb ScgT Switching vector
Spjp=fa;b;cg = f 1; 1g Switching functions
L Output filter inductance
C Output filter capacitance
vdc dc-link voltage
II. SYSTEM DESCRIPTION
A three-phase two-level power converter used as a voltage
source inverter (VSI) is depicted in Fig. 1. A critical load is
connected to the VSI through a LC filter in order to remove
the high order harmonic components in the converter output
voltage and provide a high quality sinusoidal voltage to the
load. The system parameters and variables are described in
Table I.
The behavior of the system is defined by the dynamic
equations of the output filter inductor currents and the output
filter capacitor voltages. Using the Clake’s transformation, the
equations can be expressed in the stationary  frame as (1)
and (2) respectively.
iL; = C
dvC;
dt
+ iO; (1)
vI; = L
diL;
dt
+ vC; : (2)
These dynamics are functions of the VSI output voltages
that depend on the power semiconductors switching functions.
To develop the control algorithm the system equations are
expressed in the state space as (3), taking as state variables the
output filter inductor currents and capacitor voltages (4) and
defining new vectors for the VSI voltages and load currents
(5)-(6),
_x = A
x +B
vI; +B

d iO; (3)
x = fiL; vC;gT (4)
vI; = fvI; 0 0gT (5)
iO; = f0 0 iO;gT : (6)
where the matrices A , B and Bd are calculated through
(7)-(9)
A =

02x2   1LI2x2
1
C I2x2 02x2

(7)
B =

1
LI2x2 02x2
02x2 02x2

; Bd =

02x2 02x2
02x2   1C I2x2

(8)
I2x2 =

1 0
0 1

; 02x2 =

0 0
0 0

: (9)
III. CONTROL STRATEGY
In order to control the converter, a two-stage approach is
used. Instead of solving a hybrid problem (that implies a great
computational effort), the solution is obtained in two steps:
first a continuous MPC problem is solved, which computes
the continuous values of the voltage that must be provided
by the converter. Then, PWM modulation is used to give the
discrete values (ON/OFF) of the switches that generate the
desired input voltage to the LC filter. The first stage implies
a dynamic optimization while the second one is just a static
relationship.
The control strategy needed for the first step uses the model
of the system and tries to minimize a quadratic function that
penalizes both the voltage tracking error and the control effort,
using the typical MPC cost function:
J=
NX
j=1
(y^(t+jjt) w(t+j))2+
NuX
j=1

(j) (4u(t+j 1))2

: (10)
Where y^ are the predicted outputs (voltages), w are the
references to be tracked, u are the control actions and  is
the control weighting factor, that penalizes abrupt changes in
the control actions. N is the prediction horizon and Nu is
the control horizon. Since in this paper operational constraints
are not considered, the solution of the dynamic optimization
problem can be obtained in an explicit form [14]:
u =
 
GTG+ I
 1
GT (w   f) ; (11)
being G the dynamic matrix and f the free response, as
described in [30].
Notice that, although the computation of the control action
implies a matrix inversion, this can be done off-line, since the
matrix values are fixed and known. The size of the matrix to be
inverted is NuNu, so the influence of the prediction horizon
(N ) on the computational burden is negligible. Therefore, the
horizons can be as long as necessary and the controller can be
tuned to see the effect of horizons and control effort on the
system performance, as done in section IV.
An input-ouput formulation of MPC has been used. There-
fore, a discrete input-output model of the system described in
the previous section has been obtained.
Once the dynamic optimization has been performed and
therefore the continuous values of the input voltages are
known, the switch postions (ON/OFF) are obtained by a static
transformation in the PWM.
TABLE II
SIMULATION PARAMETERS
Parameter Description Value
L Output filter inductance 1:2 mH
C Output filter capacitance 20 F
Ts Sampling period 50 s
Tsw Switching period 100 s
R Output load 20 

vdc dc-link voltage 700 V
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Fig. 2. Simulations results for N= 3 and  = 0. From top to bottom: a)
Output and reference voltages. b) Output load and filter inductor currents.
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Fig. 3. Simulations results for N= 6 and  = 0. From top to bottom: a)
Output and reference voltages. b) Output load and filter inductor currents.
Although constraints have not been considered in this case,
the methodology can be extended to solve the constrained
case. Constrains could be related to amplitude and slew-rate
of the controlled voltage and inverter output currents. Other
performance values such as THD and switching frequency can
also be considered, [16], [29]. The inclusion of constrains
implies the on-line solution of a Quadratic Program (QP)
problem, which can be solved on-line for long prediction
horizons if the control horizon is not too long, [25].
IV. SIMULATION RESULTS
The proposed MPC strategy has been simulated using
Matlab/Simulink together with PSIM to depict the system for
a balanced resistive load. A sinusoidal reference phase voltage
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Fig. 4. Detail of the output and reference voltages. From top to bottom: a)
Results for N= 3 and  = 0. b) Results for N= 6 and  = 0.
of 220 V RMS and 50 Hz is applied to the system. A resistive
balanced load is connected to the output of the converter. The
rest of system parameters used to perform the simulation are
summarized in Table II.
In order to obtain the lowest output voltage error, several
values of prediction horizon N has been tested for the same
control weighting factor . Besides, the control horizon Nu
is set to 1 for all simulations, this reduces the computational
cost of the control algorithm, [30]. Fig. 2a shows the reference
voltages and the actual values provided by the VSI for  = 0
and N = 3, while Fig. 2b plots the load and filter inductor
currents associated to these output voltages. The same wave-
forms are represented in Fig. 3a and Fig. 3b for  = 0 and
N = 6. It can be noticed that in both cases the system works
properly. However, when the output voltages are analyzed in
detail, it can be observed that for a prediction horizon length of
N = 3 the output voltages present higher ripple compared with
voltages achieved with N = 6. This can be clearly appreciated
in Fig. 4 where it is presented a zoom of the voltages generated
by the VSI using the proposed MPC controller with these
parameter values.
The influence of the prediction horizon on the performance
of the proposed controller has been analyzed. For this purpose,
Fig. 5 shows the error between the reference and actual
voltages for different values of prediction horizon. It can be
noticed that system performance depends on the tuning of the
parameter N. From the simulations developed the best results
have been achieved with N= 6. This is related to the fact
that the value of the reference along the prediction horizon
is included in the cost function, which helps the controller to
reduce future errors. When the value of N is too large, the
controller will try to track a ”mean” value of the sinusoidal
reference, increasing the tracking error.
Several tests have been performed to check the robustness of
proposed controlled. Two different simulations are developed,
the first one considers a mismatching between the actual load
and the load value used in the system model. The second one
includes an Additive White Gaussian Noise (AWGN) added
to the output voltage measures used to compute the control
algorithm.
Fig. 6 and Fig. 7 show the results to the first situation. In
Fig. 6 actual output resistor is 30% higher than parameter
used in the model, whereas in Fig. 7 an increment of 100%
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Fig. 5. Error between the reference and actual voltages for different values of prediction horizon: a) Simulations results for N= 3 and  = 0. b) Simulations
results for N= 4 and  = 0. c) Simulations results for N= 5 and  = 0. d) Simulations results for N= 6 and  = 0. e) Simulations results for N= 7 and
 = 0. f) Simulations results for N= 8 and  = 0.
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Fig. 6. Performance for a 30% of error between the actual and modelled
load value. From top to bottom: a) Output and reference voltages. b) Output
load and filter inductor currents.
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Fig. 7. Performance for a 100% of error between the actual and modelled
load value. From top to bottom: a) Output and reference voltages. b) Output
load and filter inductor currents.
has been considered. In both cases, it can be noticed that
proposed controller presents high performance and the output
voltages track their references. In Fig. 6b and Fig. 7b can be
observed how the load currents have been reduced compared
with Fig. 3b due to the increased load values.
The results for the second set of simulations are presented
in Fig. 8 and Fig. 9. The AWGN added to the output voltage
measures have a mean value of 1% and 10% of reference peak
voltage, respectively. This corresponds with approximately
3 V for Fig. 8 and 30 V for Fig. 9. It can be observed that
system performance is diminished compared with Fig. 3, but
it can be considered good enough taking into account the error
in the measurements, showing the robustness of the proposed
MPC controller.
V. CONCLUSION
This paper presents a continuous Model Predictive Control
(MPC) strategy for a Voltage Source Inverter (VSI) used in
a three-phase Uninterruptible Power Supply (UPS). The per-
formance of the proposed control strategy has been assessed
through simulations results, showing that proposed continuous
MPC controller achieves high performance and robustness.
The proposed controller output is a continuous voltage
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Fig. 8. Performance for a 1% of noise disturbance introduced in the voltage
measures. From top to bottom: a) Output and reference voltages. b) Output
load and filter inductor currents.
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Fig. 9. Performance for a 10% of noise disturbance introduced in the voltage
measures. From top to bottom: a) Output and reference voltages. b) Output
load and filter inductor currents.
that is used as the reference voltage to be generated by a
PWM modulator. This allows to achieve constant switching
frequency of the power converter and makes the design of
the output LC filter easier. On the other hand, the proposed
strategy permits to extend easily the prediction horizon length
N. The choice of this parameter value has been also analyzed.
Simulation results have revealed that this parameter affects di-
rectly to the performance of the system. It has been shown that
inclusion of the values of the reference along the prediction
horizon increases the performance of the controller for certain
values of the prediction horizon. However, higher values of N
do not necessarily improve the system performance, since they
will force the controller to track reference values that are far
in the future. The proposed controller robustness has been also
tested. Two different cases have been evaluated, mismatching
between model and actual system parameter values and be-
havior under system measures with noise. Simulation results
show that proposed MPC strategy provides good performance
under both situations, guaranteeing a robustness operation of
the system.
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